Triggering of the macrophage cell line RAW 264.7 with lipopolysaccharide and interferon-g promoted apoptosis that was prevented by inhibitors of type 2 nitric oxide synthase or caspase. Using 1 H NMR analysis, we have investigated the changes of the intracellular transverse relaxation time (T 2 ) and apparent diffusion coefficient (ADC) as parameters reflecting the rotational and translational motions of water in apoptotic macrophages. T 2 values decreased significantly from 287 to 182 ms in cells treated for 18 h with NO-donors. These changes of T 2 were prevented by caspase inhibitors and were not due to mitochondrial depolarization or microtubule depolymerization. The decrease of the intracellular values of T 2 and ADC in apoptotic macrophages was observed after caspase activation, but preceded phosphatidylserine exposure and nucleosomal DNA cleavage. The changes of water motion were accompanied by an enhancement of the hydrophobic properties of the intracellular milieu, as detected by fluorescent probes. These results indicate the occurrence of an alteration in the physicochemical properties of intracellular water during the course of apoptosis.
Introduction
Macrophages participate actively in host defense through the recruitment of additional inflammatory cells, release of pro-inflammatory cytokines and immune mediators, and local synthesis of reactive molecules that exert cytostatic and cytotoxic effects against pathogens and tumor cells. 1 ± 3 At the end of the inflammatory response, the cells that have been engaged in the process are removed, mainly through activation-dependent apoptosis. 1,4 ± 6 This mechanism has been considered of importance to avoid the development of parasitic strategies by potential intracellular pathogens. 7, 8 In particular, the biologically active molecules released by activated macrophages, among them reactive oxygen species, nitrogen intermediates and prostaglandins, elicit profound apoptotic effects in many cell types when added exogenously at concentrations in the range measured after inflammatory activation. 3, 9, 10 In macrophages, the apoptotic phenotype shows a time-dependent pattern of sequential alterations in several parameters, such as the loss of cell adhesion and plasma membrane phospholipid assymmetry, the disorganization of the cytoskeleton and the internucleosomal DNA fragmentation, due to the activation of caspases. 11 ± 13 NO-dependent apoptotic signaling has been well characterized in macrophages and involves the release of mitochondrial mediators that activate caspase 9 and downstream executioner caspases, and is abrogated by the inhibitors of nitric oxide synthase and caspase. 13 ± 16 Knowledge of the intracellular signaling pathways that govern the apoptotic process has experienced major advances in recent years; however, the consequences of caspase activation on changes in intracellular structural and functional parameters have received less attention. Thus, only a relationship between apoptosis and 1 H NMR observable lipid resonance has been described for cell lines in culture and for rat brain glioma in vivo. 17, 18 Using the water molecule as a sensor of the physicochemical properties inside the cell, we performed 1 H NMR analysis of the intracellular medium during apoptosis. The transverse relaxation time (T 2 ) and the apparent self diffusion coefficient (ADC) of intracellular water were measured as indicators of its rotational and translational motions and of its interactions with macromolecules and subcellular organelles, respectively. 19 ± 22 Here we show that intracellular T 2 and ADC values decreased significantly after caspase activation in macrophages, indicating slower rotational and translational motions of water during apoptosis. These results reveal that general physicochemical properties of the cell are modified during apoptosis and that changes in the magnetic properties of water, as detected by Magnetic Resonance Imaging methods, might be used to identify apoptotic areas in tissues of intact live organisms.
Results

NO induces apoptosis in RAW 264.7 cells
Macrophages activated with low doses of LPS and IFNg expressed the high-output NO-synthesizing enzyme NOS-2 as determined by Western blot. 1, 23 Under these activation conditions, apoptosis was strictly dependent on the synthesis of nitric oxide since it was prevented by the specific NOS-2 inhibitor 1400W 24 ( Figure 1 ). Apoptosis was also induced by treatment of macrophages with the nitric oxide donor GSNO, bypassing the steps of plasma membrane-receptor signaling and expression of NOS-2 ( Figure 1B,C) . This NO-dependent apoptosis was inhibited when cells were treated with 20 mM of the broad caspase inhibitor z-VAD.fmk. Analysis of the DNA laddering of sorted apoptotic populations characterized by flow cytometry confirmed the validity of this method ( Figure  1B) .
The intracellular
1 H NMR spectra was modified during apoptosis NO-dependent apoptosis in macrophages involved the release of cytochrome c, 15 the activation of caspases, the exposure of phosphatidylserine residues in the plasma membrane and DNA fragmentation. 25 To investigate whether this plethora of changes might affect the overall physicochemical properties of the intracellular milieu, we monitored the dynamics of intracellular water with 1 (Figure 2A,B) . Stimulation of control cells for 10 min with the inner mitochondrial membrane potential uncoupling drug mClCCP increased slightly T 2 in apoptotic cells were not due to the loss of mitochondrial integrity characteristic of most apoptotic processes. 26 ± 28 Moreover, the decrease of T 2 in apoptotic cells was prevented by the caspase inhibitor z-VAD.fmk, suggesting that the proteolytic action mediated by caspases preceded the changes in T 2 . 11, 29, 30 The reduction of T 2 after caspase activation was not specific for RAW 264.7 macrophages since in Jurkat T cells GSNO and dexamethasone, well known promoters of apoptosis, 27,28 also decreased T 2 significantly ( Figure 2C ). Moreover, induction of apoptosis in macrophages challenged with LPS and IFNg reproduced the fall in T 2 , and this effect was completely inhibited when cells were incubated with 1400W ( Figure 2D ). To distinguish the effect of apoptosis on T 2 values from a more general alteration of cytoskeletal organization cells were treated with colchicine, to favor microtubule depolymerization, and z-VAD.fmk to inhibit caspases. Whereas colchicine decreased T 2 , the simultaneous incubation with z-VAD.fmk inhibited apoptosis and maintained T 2 values despite the loss of microtubule structure ( Figure 2D ). In addition to the changes in the relaxation times of intracellular water, a statistically significant decrease in the ADC values was observed in apoptotic cells when compared with viable counterparts ( Figure 3A) . Moreover, the intracellular ADC values increased in activated cells treated with 1400W reflecting a lower basal percentage of apoptotic cells. To establish a parallelism between intracellular T 2 and ADC values and water dynamics in polyol media those parameters were analyzed in solutions of PEG and glycerol prepared in culture medium. 19, 20 As Figure 3B ,C shows, T 2 values decreased in glycerol solutions higher than 5% (w : w), whereas PEG was more effective with ADC values.
The decrease of T 2 values in apoptotic cells suggests a restricted rotational movement of water and, possibly, an increase in the overall hydrophobicity of the intracellular medium or within defined cytoplasmic environments. This was investigated by analyzing the fluorescence intensity and distribution of the hydrophobic probes Bodipy and Nile red in macrophages. 31, 32 When apoptotic cells were incubated with Bodipy, a lipidinteracting fluorescent molecule, the accumulation of the probe in the cytosol increased as deduced by confocal microscopy ( Figure 4A ). This was confirmed by flow cytometry of cells treated for 18 h with LPS and IFNg, or for 8 h with GSNO. This higher fluorescence was specific for the apoptotic phenotype since it was observed neither in activated cells treated with z-VAD.fmk nor in NOS-2 expressing cells incubated with 1400W ( Figure 4C ). As Figure 4B shows, the fluorescence of Nile red increased in apoptotic cells, with areas of intense accumulation in the cytoplasm. The flow cytometric results paralleled those obtained by confocal microscopy. This accumulation of the probes in the cytoplasm after caspase activation suggests the presence of more hydrophobic environments, compatible with a restriction in water relaxation.
The decrease in intracellular T 2 was observed after caspase activation
To establish the sequential changes of cell parameters in the course of apoptosis, RAW 264.7 cells were treated with GSNO, and analysis of apoptotic events was performed at different times: The release of cytochrome c from the mitochondrial to the cytosol was measured by Western blot; the binding of annexin V and the incorporation of propodium iodide as markers of apoptosis were carried out by flow cytometry; intracellular T 2 values were determined by 1 H NMR using the Carr-Purcell-Meiboom-Gill sequence; 8 and the Water dynamics during apoptosis S Hortelano et al activity of caspase 3 was measured in cytosolic extracts using a fluorogenic substrate. As Figure 5 shows, the changes of T 2 paralleled those of caspase activation and preceded exposure of phosphatidylserine residues (annexin V positive cells) and propidium iodide staining.
Discussion
The results reported in this work provide new insights on the physical changes occurring in apoptotic cells. The identifica- tion of cytoplasmic domains with increased hydrophobicity suggests the existence of regions in which water is more ordered; a condition that favors protein ± protein interactions and that might alter the catalytic properties of enzymes when compared to viable cells. 33 Indeed, normotonic cell shrinkage due to cell-volume regulation has been considered a major hallmark of apoptosis. 34 The kinetics of the changes in T 2 and the inhibition exerted by z-VAD.fmk on this process suggest that the alterations of water structure are dependent on caspase activation, probably preceding other apoptotic events such as DNA fragmentation through caspaseactivated DNAse (CAD) activation. Our results further indicate that the loss of cytoskeletal organization is not sufficient to account for the changes in T 2 , but rather the increase in the molar concentration of peptides produced by caspase-dependent proteolysis and/or the aforesaid changes in cell volume 34 are responsible for the decrease in this parameter. In addition to the decrease of T 2 , the diffusion rate of water (ADC) was also reduced in apoptotic cells. Using solutions of polyols, we confirmed that T 2 and ADC are not linked processes. PEG is very efficient decreasing ADCs, whereas glycerol affects mainly T 2 .
Changes in the NMR spectra of intracellular water have been described in the course of physiological and pathological processes. 17 For example, spin-lattice relaxation time (T 1 ) and spin-spin relaxation time (T 2 ) have been measured during the cell-cycle division in synchronized fibroblasts activated with EGF and in transformed mouse 10T1/2 cells. T 1 values were insensitive or poorly sensitive to the phase of the cell cycle, but T 2 increased at G 1 when compared with cells in S phase. Parallel changes were observed in ADC, and these results have been interpreted as reflecting alterations in the diffusion of intracellular water through non-homogeneous local magnetic field gradients, these effects also influencing T 2 values. 35, 36 In addition to this, decreases in ADCs of water and small metabolites were measured under hypoxia in brain slices, 37 and in models of intact/relaxed and skinned/rigor muscle fibers of frog skeletal muscle, where the intracellular water located in the overlap region of actin and myosin filaments was less structured in the rigor state than in the relaxed situation. 38 Data on ADC and T 2 values have previously been studied in apoptotic cells. Induction of apoptosis in BT4C rat glioma cells by glanciclovir in the course of thymidine kinase therapy increased intracellular viscosity and reduced by 50% of ADC, an effect that was interpreted as a reduction in the hydrodynamic radii of macromolecules, presumably due to the occurrence of apoptotic death. 39 In this way, our data provide a direct correlation between apoptosis and changes of T 2 and ADC by using pharmacological inhibitors of caspases, and establish a kinetic link between T 2 changes, manifestation of apoptotic events and how these alterations in water dynamics and accessibility affect the polarity of the intracellular environment. Indeed, alterations in T 2 parallel caspase 3 activation and precede other characteristic events of the apoptotic phenotype, such as annexin V binding and propidium iodide staining, suggesting that detection of decreased T 2 values by magnetic resonance methods in inflammatory areas observed in ischemic episodes or in tumoral processes could provide an early, non-invasive, indicator of apoptosis in vivo.
Finally, it is tempting to speculate on the relevance of the ordering of water in terms of activation of caspases, perhaps as a mechanism contributing to more efficient processing of these proteases. As recently reviewed by Salvesen et al., 40 the unusual property of caspase zymogens to autoprocess into active forms might benefit from a more structured water organization as observed for proteins in polyol solutions where the protein ± protein interactions are notably enhanced. This has been described as the induced-proximity model of caspase activation. 40 Additionally, intracellular water ordering may have more general biochemical implications affecting other fundamental processes including enzyme catalysis, metabolic regulation and changes in the translational and transcriptional machinery. Extrapolation of the observed alterations in the 1 H NMR spectra of an apoptotic cell in culture to pathological circumstances analyzed by Magnetic Resonance Imaging might help to unravel the extension and further progression of apoptotic events in intact organisms.
Materials and Methods
Chemicals
Reagents were from Sigma (St Louis, MO, USA), Roche (Mannheim, Germany) and Merck (Darmstadt, Germany). LPS was from S. typhimurium (Sigma). Serum and media were from Biowhittaker (Walkersville, MD, USA). Polyethyleneglycol (6000) and glycerol were dissolved (w : w) in culture medium. Bodipy and Nile red were from Molecular Probes (Eugene, OR, USA).
Cell culture RAW 264.7 cells were obtained from ATCC and correspond to a murine macrophage cell line. RAW 264.7 cells were seeded at 10 5 / Figure 5 Time course of changes in parameters related with apoptosis. RAW 264.7 cells were stimulated with 1 mM GSNO and at 4, 6, 8 and 24 h the release of cytochrome c from the mitochondrial to the cytosol, the activity of caspase 3, the T 2 times, the binding of annexin V and the staining with propidium iodide (PI) were determined. Results show the mean+S.E. of four experiments, and are expressed as percentage of the maximal effect. *P50.01 with respect to the T 2 value. The differences between caspase 3 activity, free cytochrome c and T 2 are not statistically significant cm 2 in RPMI 1640 medium supplemented with 2 mM glutamine, 10% FCS and 50 g/ml of penicillin, streptomycin and gentamicin, respectively. When required, macrophages were scraped off the dishes and maintained at 0.5 g/ml in RPMI 1650 medium containing 0.5% of FCS, and immediately used for 1 H NMR analysis. Jurkat T cells were cultured and treated under identical conditions.
Preparation of cell extracts
Cells (2610 6 ) were washed with PBS, scraped off the dishes and collected by centrifugation. Cell pellets were homogenized in 100 l of buffer A (10 mM HEPES, pH 7.9; 1 mM EDTA, 1 mM EGTA, 100 mM KCl, 1 mM DTT, 0.5 mM phenyl-methyl-sulfonyl fluoride, 2 mg/ml aprotinin, 10 mg/ml leupeptin, 2 mg/ml tosyl-L-lysine chloromethyl ketone, 5 mM NaF, 1 mM NaVO 4 , and 10 mM Na 2 MoO 4 ). After 10 min at 48C Nonidet P-40 was added (0.5% v/v) and the tubes were vortexed (15 s) and centrifuged (Eppendorf microcentrifuge) for 15 min. The supernatants were stored at 7808C (soluble extracts). Protein content was determined using the Bio-Rad protein assay. Cell fractionation was carried out at 48C.
Characterization of proteins by Western blot
Soluble protein extracts were size-separated in 10% SDS ± PAGE. The gels were blotted onto a Hybond-P membrane (Amersham) and incubated with anti-NOS-2 and anti-cytochrome c (Santa Cruz Laboratories, Santa Cruz, CA, USA) Abs. When the release of cytochrome c from the mitochondria to the cytosol was determined, the cell suspension (2610 6 ) was maintained in 250 ml of PBS to which an equal volume of 0.3 M sucrose and 15 mg of digitonin in PBS were added and incubated for 10 min at 48C. After centrifugation, the supernatant was used to determine the presence of soluble cytochrome c. The blots were revealed by enhanced chemiluminescence following the manufacturer instructions (Amersham). Different exposure times of the films were used to ensure that bands were not saturated. Quantification of the films was performed by laser densitometry (Molecular Dynamics, Kemsing, UK).
Determination of NO synthesis
NO release was determined spectrophotometrically by the accumulation of nitrite in the medium (phenol red-free) as described. 15 NOS-2 activity was inhibited with 1400W. 24 
Analysis of apoptosis by¯ow cytometry and internucleosomal DNA degradation
In vivo propidium iodide staining was performed after incubation of the cells with the indicated stimuli in the presence of 0.005% PI. Cells were resuspended and assayed in a FACScan cytometer (BD Biosciences). The analysis of apoptotic cells was performed using a dot plot of the forward scatter against the PI fluorescence and the apoptotic nature of the cells gated in the different regions was confirmed after sorting and analysis of DNA laddering. 25, 41 Binding of annexin V (Roche) to phosphatidylserine residues of apoptotic cells was analyzed by flow cytometry. 25 Confocal microscopy RAW cells were grown on cover slips and incubated for the indicated periods with various stimuli. Analysis of the fluorescence distribution of the hyrophobic probes Bodipy (2 mM) and Nile red (0.3 mM) was carried out after 20 min of incubation with these molecules. The cells were visualized using an MRC-1024 confocal microscope (Bio-Rad), and the fluorescence was measured and electronically evaluated. Laser sharp software (Bio-Rad) was used to determine the relative intensity of the fluorescence per pixel, and the percentage of cytosolic localization. Alternatively, cells were analyzed by flow cytometry to determine the percentage of cells with increased probe fluorescence.
H NMR analysis
Adherent cells (RAW 264.7) were scraped off the dishes and concentrated by centrifugation to reach ca. 0.5 g/ml. T 2 values of the extracellular medium (T 2e ) or cell suspensions (T 2obs ) were determined by the Carr-Purcell-Meiboom-Gill spin-echo sequence. 19 Intracellular T 2 (T 2i ) was calculated from the observed T 2 value in the cell suspension (T 2obs ), the relative contributions of intracellular (V i ) and extracellular (V e ) volumes to the total volume (V t ), and the extracellular T 2 value (T 2e ) as measured in the extracellular medium without cells (V i /T 2i =V t /T 2obs ± V e /T 2e ).
The intracellular diffusion coefficient (ADC i ) was determined from ADC obs , the relative contributions of intracellular (V i ) and extracellular volumes (V e ) to the total volume (V t ) and the extracellular ADC e determined in the resuspension medium without cells (V i / ADC i =V t ADC obs ± V e /ADC e ).
Caspase 3 assay
The activity of caspase 3 was measured fluorometrically using as substrate N-acetyl-DEVD-7-amino-4-methylcoumarin (a preferred substrate of caspases 3 and 7), following the instructions of the supplier (BD Biosciences). Z-VAD.fmk was used to inhibit caspase activity and to ensure the specificity of the reaction. The linearity of the caspase assay was determined over a 30 min reaction period.
